The chemical composition of hyssop oil from Bulgaria was determined by gas chromatography with flame ionization detection and gas chromatographyÀmass spectrometry on two different chromatographic columns. The quantity of identified compounds was shown correspond to 97.2% and 98% of the total oil content. Among the detected compounds, cis-pinocamphone (48.98%À50.77%), b-pinene (13.38%À13.54%), trans-pinocamphone (5.78%À5.94%) and b-phellandrene (4.44%À5.17%) were the major compounds. Hyssop oil demonstrated antifungal activity against 52 clinical isolates and reference strains of Candida albicans, Candida glabrata, Candida tropicalis, Candida parapsilosis and Candida krusei. The essential oil characterized with stronger antifungal activity in comparison with pure cis-and trans-pinocamphone, a-and b-pinene and b-phellandrene. Essential oil of Hyssopus officinalis L. from Bulgaria inhibited both fluconazol-sensitive and fluconazol-resistant strains.
Introduction
Genus Candida comprises about 280 species and is listed in order Cryptococcales. Candida species are causative microorganisms of vulvovaginal, oropharyngeal and skin infections.
[1À3] They are responsible for some of the most common nosocomial bloodstream infections with a high mortality rate. The possibility to grow in two forms, unicellular and filamentous, to adhere to the mucosal tissues and to produce extracellular enzymes such as lipases and proteases are the major virulence factors of the most prominent species, Candida albicans.[4À8] During the last decades, a constantly increasing number of fungal diseases caused by resistant strains of different Candida species, especially non-albicans Candida species (NAC), is observed.
[9À14] Insufficient effectiveness of some azole preparations and higher toxicity of polyene antibiotics stimulates the search for new natural antifungal compounds.
One of the most promising natural alternatives to traditional antifungal preparations are essential oils from medicinal plants because they fulfill to a larger extent of the requirements for specific mechanism of action at relatively lower concentrations without induction of resistance. A traditional medicinal plant widely distributed in the East Mediterranean to Central Asia is Hyssopus officinalis L. [15, 16] The extracts and essential oil from hyssop demonstrate antimicrobial, antiviral, antitumor, antioxidant and other biological activities.
[17À19]
Analysis of hyssop oil from Italy, Spain, Himalaya, Egypt, Turkey, Serbia, Romania, France and Iran by gas chromatography (GC) and gas chromatographyÀmass spectrometry (GC/MS) led to the identification of pinocamphone, iso-pinocamphone, b-pinene, 1,8-cineole, camphor, b-caryophyllene, linalool and myrtenyl acetate as major constituents of the oil. [17,19À27] There are, however, notable differences in the qualitative and quantitative composition of hyssop oil from different geographic regions with seasonal and technological fluctuations.
[27À30]
Among the biological activities of hyssop essential oil, its antimicrobial activity against pathogenic and spoilage bacteria has been most intensively studied.[17À19, 31, 32] Most reports about the antifungal activity of hyssop oil are focused on its inhibitory effect against phytopathogenic and mycotoxin-producing fungi. [20,33À35] In contrast, there are only scarce studies about its anticandidal activity. To the best of our knowledge, the anticandidal activity of hyssop oil has mostly been determined against reference strains of C. albicans, but less is known about its activity against clinical isolates, especially against NAC species. For example, Mazzanti et al. [31] and Kizil et al. [19] reported strong antimicrobial activity of *Corresponding author. Email: vgochev@uni-plovdiv.bg essential oil from H. officinalis L. against C. albicans, C. tropicalis and C. krusei. On the contrary, according to other authors, hyssop oil demonstrates only moderate to weak antifungal activity. [26, 36, 37] In general, the available data about the antimicrobial activity of essential oil from H. officinalis L., and particularly its anticandidal activity, are to some extent controversial. Furthermore, little is known about the probable mechanism of antimicrobial action of hyssop oil against clinical isolates of Candida species.
The aim of present study was to determine the chemical composition and antifungal activity of essential oil of H. officinalis L. from Bulgaria against clinical isolates of different Candida species and to attempt to elucidate the probable mechanism of its anticandidal action.
Materials and methods

Essential oil sample
The essential oil of H. officinalis L. used in this study was a commercial sample produced by steam distillation in industrial conditions and was purchased from Vigalex Ltd. (Gurkovo, Bulgaria).
Gas chromatography analysis
The essential oil sample was subjected to GC analysis, with a 0.5 mL plunger-in-needle syringe at a very high split rate. GC with flame ionization detection (GC/FID) and GC/MS analysis were carried out simultaneously using a Finnigan Thermo Quest Trace GC with a dual split/splitless injector, a FID detector and a Finnigan Automass quadrupole mass spectrometer (Thermo Quest, Manchester, UK). One inlet was connected to a 50 m £ 0.25 mm £ 1.0 mm SE-54 (5% diphenyl, 1% vinyl-, 94% dimethylpolysiloxane) fused silica column (CS Chromatographie Service, Germany), the other injector was coupled to a 60 m £ 0.25 mm £ 0.25 mm Carbowax 20M (polyethylene glycol) column (J&W Scientific, USA). The two columns were connected at the outlet with a quartz Y connector and the combined effluents of the columns were split simultaneously to the FID and MS detector with a short (ca. 50 cm) 0.1 mm internal diameter (ID) fused silica restrictor column as a GS/MS interface. The carrier gas was helium 5.0 with a constant flow rate of 1. 
Antimicrobial testing
Antimicrobial testing of essential oil was performed according to Clinical Laboratory Standard Institute (CLSI) M27-A3 Reference Serial Broth Microdilution Method. [43] A stock solution was prepared by diluting the essential oil sample in dimethyl sulfoxide (DMSO; Sigma-Aldrcih, Co). Serial twofold dilutions of the stock solution were prepared in RPMI1640 broth medium buffered to pH 7.0 with 0.165 mol¢L ¡1 3-N-morpholinopropanesulfonic acid (MOPS buffer, Sigma-Aldrich, Co) to reach final concentrations of the oil ranging from 2048 to 1 mg¢mL ¡1 and were distributed in 96 wells microtitration plates. The final concentration of DMSO did not exceed 1% (v/v) and did not influence the growth of yeasts. Control samples of inoculated broth medium with and without solvent were also incubated under the same conditions. Each well was inoculated with 0.1 mL inoculum suspension (0.5 £ 10 3 À2.5 £ 10 3 cfu¢mL ¡1 ) prepared according to CLSI M27-A3. [43] After 48 h incubation at 35 C, microbial growth was evaluated visually and the minimal inhibitory concentration (MIC) was determined. MIC was defined as the lowest concentration at which total inhibition of microbial growth was detected. MIC was presented 
TimeÀkill test
Hyssop oil treatments were prepared in 1 mL volumes at twice the desired final concentration in phosphate buffered saline (PBS) by using stock oil solution. Controls contained PBS with relevant concentration of DMSO without essential oil. Test solutions and controls were inoculated with 1 mL yeast working suspension (2£10 6 À4 £ 10 6 cfu¢mL ¡1 ) and 0.1 mL sample was taken immediately from the controls for viability counts. Test solutions and controls were incubated at 35 C with shaking at 120 r¢min ¡1 on a rotary laboratory shaker. Samples were taken at 2, 4, 6, 8 and 10 h for viability scoring.
Methylene blue dye inclusion test
Hyssop oil treatments were prepared in 1 mL volumes at twice the desired final concentration in PBS by using stock oil solution. Controls contained PBS with relevant concentration of DMSO without essential oil. Test solutions and controls were inoculated with 1 mL yeast working suspension (2 £ 10 6 À4 £ 10 6 cfu¢mL ¡1 ) and were incubated at 35 C with shaking at 120 r¢min ¡1 on a laboratory rotary shaker. Samples of 0.08 mL were taken at 0, 2, 4, 6, 8 and 10 h and mixed by vortexing with 0.02 mL 0.05% methylene blue solution. The samples were left for 5 min at room temperature. A native mount was prepared and the number of cells stained in blue was scored by observing about 200 cells in at least 10 different visual fields with an optical microscope (Olympus CX21). The percentage of blue stained cells was calculated.
Acidification of the external medium
The external medium acidification after addition of glucose in the presence of hyssop oil was performed as described by Lunde and Kubo [44] with minor modifications. Amounts of essential oil stock solution were added to aliquots of yeast working suspension (2 £ 10 6 À4 £ 10 6 cfu¢mL ¡1 ) to reach the desired final oil concentrations. Controls containing PBS with relevant concentration of DMSO without essential oil were also prepared. The samples were incubated for 10 min at room temperature and then 1 mL of 20% glucose solution was added to the samples to a final glucose concentration of 2%. After glucose addition, the samples were mixed by vortexing for 20 s. The treatments and control samples were incubated at room temperature and the pH values of the samples were determined potentiometrically (pH-meter, VWR) at 10, 30, 60, 90 and 120 min.
Data analysis
Each test was performed in triplicate and the results are expressed as means § standard deviation Analysis of variance was performed with Statistica V10 (StatSoft).
Results and discussion
Chemical composition
The chemical composition of essential oil from H. officinalis L. growing in Bulgaria was analysed using GC/FID and GC/MS. For better separation and identification of the chemical constituents of the oil two different columns were used. Sixty-six constituents were identified by the first column (SE-54), representing 97.2% of the total oil content. Fifty-five constituents were identified by the second column (CW20M), representing 98% of the total oil content. Between 21 and 46 different compounds have been identified in hyssop essential oils from various geographic regions and reported by other authors.
[17À20,24À27] Thus, in comparison with other hyssop oils, the studied oil sample from Bulgaria was characterized with a highly varied and complex chemical composition (Table 1) .
The major components detected by both columns were as follows: cis-pinocamphone (48.98%À50.77%), b-pinene (13.38%À13.54%), trans-pinocamphone (5.78%À5.94%) and b-phellandrene (4.44%À5.17%). In the literature, cis-pinocamphone, trans-pinocamphone, b-pinene, b-phellandrene and pinocarvone are reported as the most abundant constituents of hyssop oil. [17,19,21À27] The obtained results show that the oil sample analyzed in this study belongs to the group of hyssop oils rich in cis-pinocamphone. The distribution of identified chemical compounds into groups as mean percentages of both columns is shown in Figure 1 .
Oxygenated monoterpenes were the major group, representing 61.69% of the total oil content, followed by monoterpene hydrocarbons (20.77%), sesquiterpene hydrocarbons (15.19%), oxygenated sesquiterpenes 
Antifungal activity MIC and MFC values
The antifungal activity of Bulgarian hyssop oil was tested against 52 strains belonging to five species of genus Candida by the serial broth dilution method. The results from the MIC and MFC tests are shown in Table 2 . Five C. albicans strains, three C. glabrata strains, one C. tropicalis strain, two C. parapsilosis strains and four C. krusei strains were resistant to fluconazole, which corresponds to 28.8% of the tested strains and 32.7% of the strains were sensitive in a dose-dependent manner. All of the resistant strains were from the group of clinical isolates. None of the 52 tested strains was resistant to amphotericin B, but 40.4% of the strains were sensitive (dose dependent). The relatively high percentage of fluconazole resistance and some disadvantages of polyene antibiotics [45, 46] illustrate the need for new alternative preparations with different mechanisms of anticandidal activity without causing resistance. The studied hyssop essential oil demonstrated antifungal activity against all of the clinical isolates and reference strains from genus Candida. The strains of C. albicans were most sensitive to the essential oil, followed by these belonging to C. krusei, C. parapsilosis and C. tropicalis. The C. glabrata strains were least sensitive to hyssop oil of all the studied strains.
The MIC values of hyssop oil from Bulgaria (128À1024 mg¢mL ¡1 ) were much higher in comparison with the MIC values of fluconazole (0.5À128 mg¢mL ¡1 ) and amphotericin B (0.06À2 mg¢mL ¡1 ). The major advantage of hyssop oil is that it is active against fluconazole-resistant strains, which suggests that its mechanism of anticandidal action probably differs from that of azoles.
In comparison with the MIC values of hyssop oils from various geographic regions, [12, 26, 31] the studied Bulgarian hyssop oil demonstrated stronger inhibitory activity against medically important representatives of C. albicans, C. tropicalis and C. krusei. This fact could be explained by the more complex chemical composition of the hyssop oil from Bulgaria.
To clarify the influence of the chemical composition of hyssop oil on its anticandidal activity, additional experiments are a must. For this purpose, the inhibitory action of the major oil constituents and their isomers, such as cis-and trans-pinocamphone, a-and b-pinene and b-phellandrene, were tested against 52 strains of five species of genus Candida. The obtained results for the anticandidal action of pure compounds are shown in Figure 2 .
The hyssop oil demonstrated stronger anticandidal activity in comparison with pure compounds. The MIC values of essential oil varied between 210.3 § 62.3 mg¢mL ¡1 against the most sensitive species, C. albicans, and 768 § 280.4 mg mL ¡1 against the most resistant species, C. glabrata. The MIC values of a-and b-pinene were approximately two times higher than the MIC values of the essential oil against the same Candida species. The MIC values of b-phellandrene against C. albicans and C. glabrata were about 2.3 times higher in comparison with those of the hyssop oil. The most active constituent of the essential oil among the tested pure compounds was pinocamphone. Its MIC values were 28% and 21% higher than those of hyssop oil against C. albicans and C. glabrata, respectively. Taken together, the obtained results suggest that the overall anticandidal activity of the studied hyssop oil from Bulgaria is probably due to the synergic action of more than one compound. The MIC values of cis-and 
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trans-pinocamphone against the used microbial strains were the same, as well as those of a-and b-pinene. These equal MIC values indicate that isomerization does not influence the anticandidal activity of monoterpenes.
TimeÀkill curves
Another criterion for estimation of the antimicrobial activity of essential oils is the timeÀkill curve. The timeÀkill curves of the most sensitive clinical isolate of C. albicans and the most resistant strain of C. glabrata treated with hyssop essential oil at concentrations equal to MIC (256 and 1024 mg¢mL ¡1 , respectively) are presented in Figure 3 .
The results showed that on the sixth hour of oil treatment the total count of viable cells of C. albicans was between 1 £ 10 2 and 3.2 £ 10 2 cfu¢mL ¡1 and after the sixth hour no viable cells were detected. The C. glabrata strain was more resistant and it took 8 h of treatment for the total count of viable cells to decrease to the level of C. albicans (2.5 £ 10 2 and 3.2 £ 10 2 cfu¢mL ¡1 ).
Methylene blue dye inclusion
Methods based on the absorption of methylene blue and fluorescent dyes are among the most widely used techniques for studying the influence of different compounds on the cell membrane permeability.
[47À49] In our efforts to clarify the probable mechanism of antifungal action of hyssop oil, methylene blue absorption by fluconazol-sensitive and fluconazole-resistant strains of C. albicans and C. glabrata treated with essential oil at concentrations equal to MIC, 50% of MIC and 25% of MIC were carried out. The obtained results are shown in Figure 4 . When treated with essential oil at a concentration equal to MIC (256 mg¢mL ¡1 ), about 98% of the yeast cells from both C. albicans strains absorbed methylene blue on the eighth hour of treatment (Figure 4(a) ). This indicates that the hyssop oil affected the yeast membrane permeability of both the fluconasole-sensitive and the fluconazole-resistant strain. When C. albicans cells were treated with essential oil at a concentration equal to 50% of MIC (128 mg¢mL ¡1 ), 97% of the cells absorbed methylene blue solution, but on the 10th hour. These results indicate that the hyssop oil affected the permeability of the yeast membrane in a dose-dependent mechanism. The same trends were observed when both strains of C. glabrata were treated with essential oil at a concentration equal to MIC (1024 mg mL ¡1 ) (Figure 4(b) ). In both species, the difference between the total percentages of stained cells in the fluconazol-sensitive and the fluconazol-resistant strains was non-significant, suggesting that the mechanism of anticandidal action of hyssop oil differs from that of azoles.
Effect on membrane ATPase activity
The transport of low molecule substances like glucose from the nutritive medium through the cell membrane is carried out by membrane ATPase (adenosine triphosphatase), which effluxes protons from the microbial cell and in this way decreases the pH of the cultural medium. [43] According to Chambel et al. [50] , lipophilic compounds inhibit membrane ATPase and disrupt the normal transport through the cell membrane. To verify whether the hyssop oil can attack the membrane ATPase of Candida yeasts, the dynamics of pH variation of microbial suspensions of fluconazole-resistant strains of C. albicans and C. glabrata was studied in the presence of 2% of glucose ( Figure 5 ). These experiments were carried out only with fluconazole-resistant strains, since there were no significant differences between the antifungal action of hyssop oil against fluconazole-sensitive and fluconazoleresistant strains (see above).
The pH of the culture medium in the control (untreated) samples of C. albicans and C. glabrata ( Figure 5 ) decreased for 120 min from 6.9 to 4.9 and from 6.6 to 4.5, respectively. The final pH value of the culture broth of both strains treated with hyssop oil at concentrations equal to 50% of MIC (128 and 512 mg¢mL ¡1 for C. albicans and C. glabrata, respectively) was 6.82 for C. albicans and 6.72 for C. glabrata. Treatment of both strains with hyssop oil at concentrations equal to 25% of MIC (64 mg¢mL ¡1 ) also caused an increase in the final pH value in comparison with the untreated samples, but to a lesser extent. Thus, the effect of essential oil on pH variation was dose-dependent. The obtained results indirectly support the assumption that hyssop oil not only increases membrane permeability, but also inhibits membrane ATPase. To prove the exact mechanism of anticandidal action of hyssop oil, additional experiments need to be carried out. Our results could be explained by the fact that essential oils could cause a decrease in cell ATP and in this way could disrupt the normal function of membrane ATPase. [46] This suggestion is also in agreement with other reports that essential oils, such as oregano and tea tree oil, pure geraniol and thymol, increase the membrane permeability and inhibit membrane enzymes.
[51À54]
Conclusions
The studied Bulgarian hyssop oil demonstrated antifungal activity against clinical isolates of five different species of genus Candida. The obtained results indicated that the inhibitory action of the oil is due to its complex chemical composition and synergic action of compounds such as cis-and trans-pinocamphone and a-and b-pinene. The major advantage of hyssop oil from Bulgaria in comparison with azoles is that it is active against both fluconazole-sensitive and fluconazole-resistant clinical Candida spp. isolates. The mechanism of anticandidal action of hyssop oil could possibly be due to causing an increase in yeast membrane permeability and disrupting the normal membrane transport by affecting membrane ATPase.
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